Ferritins are ubiquitous iron storage and detoxification proteins distributed throughout the plant and animal kingdoms. Mammalian ferritins oxidize and accumulate iron as a ferrihydrite mineral within a shell-like protein cavity. Iron deposition utilizes both O 2 and H 2 O 2 as oxidants for Fe 2+ where oxidation can occur either at protein ferroxidase centers or directly on the surface of the growing mineral core. The present study was undertaken to determine whether the nature of the mineral core formed depends on the protein ferroxidase center versus mineral surface mechanism and on H 2 O 2 versus O 2 as the oxidant. The data reveal that similar cores are produced in all instances, suggesting that the structure of the core is thermodynamically, not kinetically controlled. Cores averaging 500 Fe/protein shell and diameter ∼ 2.6 nm were prepared and exhibited superparamagnetic blocking temperatures of 19 and 22 K for the H 2 O 2 and O 2 oxidized samples, respectively. The observed blocking temperatures are consistent with the unexpectedly large effective anisotropy constant K eff = 312 kJ/m 3 recently reported for ferrihydrite nanoparticles formed in reverse micelles [E.L. Duarte, R. Itri, E. Lima Jr., M.S. Batista, T.S. Berquó and G.F. Goya, Large Magnetic Anisotropy in ferrihydrite nanoparticles synthesized from reverse micelles, Nanotechnology 17 (2006) 5549-5555.]. All ferritin samples exhibited two magnetic phases present in nearly equal amounts and ascribed to iron spins at the surface and in the interior of the nanoparticle. At 4.2 K, the surface spins exhibit hyperfine fields, H hf , of 436 and 445 kOe for the H 2 O 2 and O 2 samples, respectively. As expected, the spins in the interior of the core exhibit larger H hf values, i.e. 478 and 486 kOe for the H 2 O 2 and O 2 samples, respectively. The slightly smaller hyperfine field distribution DH hf for both surface (78 kOe vs. 92 kOe) and interior spins (45 kOe vs. 54 kOe) of the O 2 sample compared to the H 2 O 2 samples implies that the former is somewhat more crystalline.
Introduction
Ferritins are a family of iron storage and detoxification proteins present in animals, plants and microbes. The protein has a shell-like structure composed of 24 similar or identical subunits encapsulating a hydrous ferric oxide mineral core, the storage form of iron [1] [2] [3] [4] . More recently, ferritin-like Dps proteins (DNA binding protein from starved cells) composed of only 12 subunits have been discovered in bacteria and likewise form mineral cores albeit of much smaller size, ∼ 500 Fe/shell versus ∼ 4500 Fe/shell for canonical ferritins [4] [5] [6] [7] [8] . The canonical ferritins and the Dps proteins have ferroxidase centers that initiate and/or sustain mineralization [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The ferroxidase centers of mammalian ferritins are located on H-type subunits whereas L-subunits appear to play a role in nucleation of the mineral core [11] . In human H-chain ferritin (HuHF), it is now recognized that there are three chemical pathways for developing the mineral core [12] 3+ is subsequently transferred to the mineral core. Much of the hydrogen peroxide produced in Eq. (1) reacts through Eq. (2), the detoxification reaction, which also occurs at the ferroxidase centers. Fe 2+ is oxidized at the ferroxidase centers by both O 2 and H 2 O 2 via Eqs. (1) and (2) at comparable rates [13] . The pairwise oxidation of two Fe 2+ per H 2 O 2 avoids the odd electron chemistry associated with hydroxyl radical production via the Fenton reaction and accounts for the detoxification properties of ferritin and its ability to protect cells from oxidative damage [14] [15] [16] [17] . Once a sufficient core has been developed (≥ 800 Fe/shell), Eq. (3) becomes the dominant reaction where Fe 2+ is oxidized on the surface of the mineral in an autocatalytic fashion and O 2 is reduced completely to water [12] . In the case of Dps proteins from bacteria, H 2 O 2 is the primary oxidant for Fe 2+ at the ferroxidase centers of these proteins and the mineralization reaction proceeds according to Eq. (2) [7, 8] .
The structure of the ferritin core has been extensively reviewed [18] [19] [20] . It is generally agreed that the core is structurally similar to ferrihydrite, the structure of which has been recently determined [20] . The formula Fe 10 O 14 (OH) 2 for ferrihydrite in an ideal structure is abbreviated here as simply Fe(O)OH (core) . Electron microscopy suggests that the core may be single crystalline or polycrystalline, nucleated at different points within the protein shell [19] . More recent electron nano-diffraction experiments with a 1 nm beam diameter indicate that each core contains a single phase, but different cores in the mix could contain different phases, some amorphous and some crystalline [21] . Thus, questions about the exact nature of the ferritin biomineralization product, its dependence on sample handling and detailed conditions of preparation remain. In nature, additional components, such as phosphates, add to the diversity of ferritin cores extracted from different sources [2, 22] . In vitro reconstituted ferritin, however, is expected to be in the form of ferrihydrite. The majority of previous Mössbauer investigations have dealt with half to fully loaded ferritin cores (1000-4500 Fe/ shell), with the very early stages of iron complexation with the protein (50 Fe/shell) or with small clusters that are precursors to more fully developed cores [23, 24] .
To date the Mössbauer properties of cores of intermediate size (500 Fe/shell) have not been investigated nor has there been a study addressing the structural and magnetic properties of cores formed with H 2 O 2 versus O 2 as the oxidant. In addition, it is unknown whether there is a significant difference between cores generated via the ferroxidase reaction (Eqs. (1) and (2)) and the mineral surface reaction (Eq. (3)). In the present investigation we have examined HuHF at intermediate levels of iron loading, 500 Fe/protein shell on average, and evaluated the Mössbauer spectra of the nanoparticle cores formed with these two oxidants. The results reveal that similar cores are obtained whether Fe 2+ is oxidized by O 2 or H 2 O 2 and whether the core is produced from ferroxidase centered catalyzed iron oxidation or from autocatalytic oxidation of iron on the growing mineral surface. The cores obtained using either oxidant are composed of two magnetic phases, one corresponding to an iron interior to the mineral core (subsites 1) and the other to an iron at the surface of the core (subsites 2).
Materials and methods
Recombinant H-chain ferritin was prepared as previously described [25] and rendered iron free by anaerobic ultra filtration with dithionite and bipyridyl [26] . The H-chain concentration was determined by the absorbance at 280 nm using ɛ = 23,000 M A conventional transmission Mössbauer spectrometer was used. Sample temperature was varied in the range 4.2 ≤T ≤ 120 K, employing a continuous flow liquid He cryostat by Janis Corporation and a Lake Shore temperature controller. The source was 57 Co in Rh matrix maintained at room temperature. A 6 μm-thick iron foil enriched in 57 Fe was used for calibration. All isomer shifts are referenced to α-Fe at room temperature. Least-square fits to the experimental data were performed by a least-square fitting procedure to Lorentzian absorption lines, including distribution of hyperfine parameters.
Results and discussion
A comparative Mössbauer study of the ferritin iron cores formed upon oxidation in exclusively 100% O 2 atmosphere (∼1. Table 1 . The 4.2 K spectrum for a sample prepared with a 21% O 2 atmosphere (∼0.28 mM solution, sample #2) is identical to that of the 100% O 2 sample (sample #3). It has been previously shown that the kinetics of iron oxidation saturates in rate at about 0.30 mM O 2 for the horse spleen protein [27] .
The resulting iron core phases obtained with either O 2 or H 2 O 2 as the oxidant for Fe 2+ ions are very similar, as judged from their Mössbauer spectra, even though detailed examination reveals some differences. Similarly, whether Fe 2+ is added to the protein in 10 increments of 50 Fe (sample #4) or 500 Fe at once (sample #3) with 100% O 2 as the oxidant produces cores that are indistinguishable at 4.2 K. The incremental addition of iron produces cores largely through the ferroxidase reaction 1 [9, 12, 27] whereas the single addition of 500 Fe produces cores that are generated by all three reactions (∼ 40%, 28% and ∼32% by Eqs. (1), (2) and (3), respectively) [12] . We conclude that the various core formation reactions utilizing O 2 or H 2 O 2 as the oxidant, through the protein ferroxidase site or directly on the growing core, all lead to substantially the same mineral. This result was unexpected given the markedly different chemistries involved in producing the core by the three reactions. The thermodynamic stability of the nanoparticle phase rather than kinetics appears to govern the final product in all cases. The spectra with either O 2 or H 2 O 2 conform to those of superparamagnetic ferrihydrite [28] [29] [30] [31] with a blocking temperature around 20 K. Specific features include broad spectral absorption lines, characteristic of poor phase crystallinity, and asymmetrically broadened magnetic hyperfine absorption lines.
In order to obtain least-squares fits with acceptable χ 2 values, experimental spectra required at least the superposition of two iron subsites, both in the collapsed superparamagnetic state seen at high temperature (120 K) and in the low temperature (4.2 K) magnetically split state. The quadrupolar spectra at 120 K were fit with the superposition of two doublets with similar isomer shifts but markedly different quadrupole splittings. Fitted Mössbauer (Table 1 ). These observations all point to some heterogeneity in the cores, both in size and degrees of crystallinity, consistent with previous observations with ferritins of different types [32, 33] . The broader hyperfine field distributions DH hf seen for both spectral subcomponents of the H 2 O 2 sample compared to the O 2 sample in Fig. 3 suggests greater heterogeneity (lower crystallinity) in the former. Values for the field distributions DH hf are given in Table 1 .
Magnetic subcomponent 1 (broken red line in Figs. 1 and 2 for O 2 and H 2 O 2 samples, respectively) exhibits slow-spin-relaxation up to 20 K, before collapsing to a quadrupolar doublet; in contrast, subcomponent 2 is grossly broadened, consistent with intermediate-spin-relaxation. Fig. 4 shows the temperature dependence of the fraction of magnetic to total spectral absorption area, f, for the H 2 O 2 and O 2 samples. The solid lines through the data points are least-square fits to sigmoidal curves. Operationally, the blocking temperature for a distribution of particle sizes is defined as the temperature at which f = 0.5. This determines T B = 19 K and 22 K for H 2 O 2 -and O 2 -oxidized proteins respectively, indicated by the arrows in Fig. 4 . The observed blocking temperatures are much lower than the average blocking temperature for horse spleen ferritin containing an average of ∼ 3000 Fe/shell, namely bT B N = 38 K [34] . As would be expected, this result indicates that at 500 Fe/shell the average core size is smaller than the fully loaded ferritin cores of 8 nm diameter containing ∼4500 Fe [35] .
The observed temperature dependence of the magnetic fraction as the sample goes through the blocking temperature contains information on the particle size distribution in the sample, through the temperature dependence of the derivative df / dT [36] . The superparamagnetic relaxation time, τ s , is governed by Eq. (4) where τ 0 is a constant
characteristic of the material, K eff is the effective magnetic anisotropy density, k B is Boltzmann's constant and T is the temperature [37] [38] [39] . At a certain temperature particles smaller than a critical size are superparamagnetic, while those larger than this size are magnetically blocked, and thus, contribute to the magnetic fraction of the Mössbauer spectrum. At the blocking temperature, the relaxation time becomes equal to τ L , the Larmor precession time of the 57 Fe-nuclear spin in its excited state, in the effective field at the nucleus. Using τ L = 2.5× 10 − 8 s, τ 0 = 10 − 12 s, previously determined for ferritin [40] , and K eff = 312 kJ/m 3 as recently determined for the ferrihydrite nanoparticles in reverse micelles [28] , we can map blocking temperature to particle size, as indicated in Fig. 4 (top axis) . The blocking temperatures of 22 and 19 K correspond to the average particle size of ∼2.66 and ∼2.53 nm diameter for the O 2 -and H 2 O 2 -oxidized proteins, respectively. These values compare favorably with the average core size of 2.6 ± 0.8 nm (N = 100) recently reported for HoSF to which 500 Fe had been added to the apoprotein and the core size distribution measured by transmission electron microscopy [41] . It is noteworthy that the anisotropy constant K eff determined for micelles is about 50 times larger than the value of K eff = 6.7 kJ/m 3 previously measured on ferritins containing an average of 1730-2480 Fe/shell [35] . Contributions other than the magnetocrystalline anisotropy of the bulk become dominant in small particles resulting from surface, shape and strain anisotropies [34] .
Investigation of the properties of small magnetically ordered particles has been an active area of research for a number of years. Significant contributions by the Mössbauer community have elucidated small particle magnetism of iron containing systems in general, and the iron biomineral core of ferritin, in particular. It is generally agreed that surface atoms have distorted coordination relative to inner, core atoms, leading to larger quadruple splitting, spin canting and significantly reduced hyperfine magnetic fields at the surface relative to inner core atoms [42] [43] [44] [45] . In experimental studies, including transmission Mössbauer spectroscopy, the surface contribution to the spectral profile becomes increasingly observable as the average particle size decreases. Thus, for these exceptionally small ferrihydrite particles, it is reasonable to associate the two spectral components observed to inner core vs. surface iron atoms, as previously proposed specifically for the ferritin iron core, based on water proton T 2 relaxometry studies [46] . For a spherical core, the number of surface Fe atoms n S is related to the total Fe in the core n T by the relationship n S = 4·n T 2/3 [47] . For a core of n T = 500 Fe, we calculate n S = 252, corresponding to about 50% of the iron being at the surface. This value is comparable to the percentages derived from fitting of the Mössbauer spectra (Table 1 ) and argues for cores of 500 Fe/ shell size being approximately spherical in shape in HuHF. In the case of HoSF (500 Fe/shell) the cores are irregular in shape [41] ; however, ultracentrifugation studies of HoSF and HuHF show that HuHF used here produces cores of much more uniform size [48] , an observation pointing to the importance of the protein shell and its associated ferroxidase and nucleation sites in governing the nature of the core particle obtained. More complicated geometries are likely present in larger core particles and are dependent on sample preparation and represent a larger percentage of Fe being on the surface relative to a spherical particle as discussed elsewhere [47] . Fig. 5 gives a plot of the average hyperfine magnetic field values, obtained from the least-square fits to distributions of magnetic hyperfine fields, with respect to temperature. The temperature dependence of the hyperfine field associated with inner sites is consistent with the theory of collective magnetic excitations of Mørup and Topsøe [49] , according to which precession of the particle's magnetization about the anisotropy axis, at temperatures insufficient to induce a full spin-flip and therefore superparamagnetic relaxation, results in a slight diminution of the recorded hyperfine field. A linear decrease of the hyperfine field is predicted according to H hf (T )=H hf 0 (1 − k B T / 2K eff V), where H hf 0 is the saturated hyperfine field at 0 K. A maximum decrease in the value of the field of about 15% from saturation is expected through this process. In contrast, subcomponent 2 exhibits a marked decrease in hyperfine field values with increasing temperature. This observation is consistent with theories of many-spin nano-magnet systems, where surface anisotropies introduce spin canting and a greater complexity in the potential energy landscape that supports low energy spin-wave excitations and produces steps and minor hysteresis loops in the SQUID magnetization measurements [50] . Characteristically, a similar deviation in behavior is predicted in theoretical calculations of a many-spin cluster system [51] for the inner versus surface local magnetization, σ, which is proportionally related to the local hyperfine field. As the Larmor precession time, τ L , of the 57 Fe nuclear spin is proportional the local hyperfine field, the surface spins enter an intermediate relaxation regime prior to T = 20 K; in contrast, at 20 K the inner spins undergo a slow to fast spin relaxation transition, for the characteristic Mössbauer measuring time of ∼ 10 − 8 s, when thermal energy overcomes the potential barrier, K eff V, and the particle becomes superparamagnetic.
The surface hyperfine fields associated with the H 2 O 2 -oxidized protein exhibit a sharper decrease with increasing temperature (Fig. 5 , blue dots) compared to those of O 2 -oxidized protein (Fig. 5, red triangles) ; while the hyperfine fields associated with inner iron sites exhibit similar temperature dependence, independent of the nature of the oxidant. This would indicate that the two types of cores must differ in some minor characteristics at their surface, where unpassivated, daggling free bonds contribute positive Gibbs free energy to the particle.
Conclusion
In summary, Mössbauer measurements have been made for the first time on ferritin cores of intermediate size (500 Fe/shell) using both H 2 O 2 and the more conventional oxidant O 2 employed in previous studies. Significantly, the cores generated are independent of the oxidant employed, the partial pressure of O 2 used and the reaction pathway (Eqs. (1), (2) or (3)). A consistent picture emerges of the nanoparticle core, one of approximately spherical shape of diameter ∼2.6 nm with 50% of the Fe residing on the surface. The magnetic properties of surface iron likely contribute significantly to T 2 relaxation enhancement in proton magnetic resonance images of iron loaded tissues [46] . The observed blocking temperatures support the notion that smaller iron oxide nanoparticles can have significantly larger effective anisotropy constants K eff .
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